syndromes with multisystem effects and as a long-term side effect of highly active anti-retroviral therapy for human immunodeficiency virus, as thoroughly reviewed elsewhere (2) .
Treatment for lipodystrophy has necessarily focused on limiting hyperlipidemia and diabetic complications. Patients often require extremely high doses of insulin to achieve normoglycemia, and only a few oral antidiabetic or lipid-lowering medications have been useful, e.g. thiazolidinediones, metformin, and fibrates (7) . Thiazolidinediones (TZDs) target the peroxisome proliferator-activated receptor gamma (PPARγ), and the TZD troglitazone was found to be particularly effective in improving the metabolic profile in two patients with generalized lipodystrophy (8) . Another successful method for controlling plasma lipid and glucose levels has been extreme dietary fat restriction. Adherence to diet has been aided by fenfluramine (used to treat a few of Seip's patients before its withdrawal from the market) or by leptin replacement to promote satiety (9) (10) (11) . Additionally, independent of its effect in lowering caloric intake, leptin can also ameliorate diabetes and other metabolic disturbances that are caused or worsened by lipodystrophic leptin deficiency (9, 12) .
None of these treatments, however, is capable of reversing the primary defect of fat loss.
It was hoped that TZDs could reverse lipodystrophy by promoting differentiation of adipocytes, since they were known to do so through stimulation of the PPARγ adipogenic program in vitro (13) . However, troglitazone treatment produced only small increases in subcutaneous fat and no increases in visceral fat, resulting in an average 2.4% increase in total body fat after 6 months of treatment (8) . It seems likely that development of a true lipodystrophy-reversing drug will require a much more specific understanding of the defects leading to adipocyte dysfunction in these patients.
Identification of CGL Genes
From its initial discovery, CGL was found to be inherited in an autosomal recessive manner and has since been observed in over 250 families around the world, with an estimated by guest, on October 30, 2017 www.jlr.org Downloaded from prevalence of 1 in 10 million (14) . Particularly significant clusters have been observed in Norway, Brazil, and Lebanon (15, 16) . Forty-five years after the first report of congenital generalized lipodystrophy, the first genetic locus associated with the syndrome was identified and later found to be in AGPAT2 (17, 18) . AGPAT2 encodes a 1-acylglycerol-3-phosphate-Oacyltransferase that is known to catalyze the synthesis of phosphatidic acid (PA) from lysophosphatidic acid (LPA) (19, 20) . How loss-of-function mutations in this gene render adipose tissue dysfunction remains unclear, but it has been speculated that AGPAT2 dysfunction may impair adipose triacylglycerol (TAG) synthesis or that the excess of PA and other phospholipids observed in AGPAT2 deficiency (either synthesized by other AGPAT isoforms or through an alternate monoacylglycerol-based pathway) may disrupt adipocyte signaling (21) (22) (23) .
After the mapping of the first locus, but shortly before the identification of AGPAT2, a second locus was discovered via linkage analysis on CGL families in Norway and Lebanon. This newly identified gene of unknown function was named BSCL2, or seipin (16) and is the subject of this review. Loss-of-function mutations in seipin cause the most severe cases of CGL (described below), and yet seipin remains the most mysterious lipodystrophic protein in terms of function.
While most CGL patients have documented mutations in either AGPAT2 or seipin, more recent studies using a candidate gene approach found CGL patients with mutations in the genes encoding either caveolin-1 (CAV1) or cavin-1 (PTRF), both of which are crucially involved in caveolae formation (24, 25) . Caveolae appear to be particularly important in adipocyte function; they are extremely dense on the adipocyte plasma membrane, comprising approximately 20% of the cell surface, and the lack of caveolae in these patients is likely to disrupt adipocyte signaling and lipid uptake (26, 27) . Although genetic studies indicate that more genetic loci exist for CGL, the four described here -AGPAT2, seipin, CAV1, and cavin-1 -currently remain the only genes identified (2) .
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Phenotypic Differences among CGL Patients
While all CGL patients share the characteristic clinical picture of lipodystrophy, hypertriglyceridemia, and insulin resistance, important phenotypic differences have been observed among the known CGL genotypes. Although AGPAT2-deficient patients display typical poor fat accumulation in the so-called "metabolically active" adipose tissues (subcutaneous, visceral, and bone marrow fat), the "mechanical" adipose tissues (retro-orbital, buccal, tongue, palmar, plantar, crista galli, scalp, perineum, vulvar, peri-articular, epidural, and pericalyceal fat) -remain unaffected (28) . These patients also display lytic bone lesions that are absent in other forms of CGL (28, 29) .
In the single known caveolin-1-deficient patient, all adipose depots except bone marrow are diminished. This patient also exhibits the unique manifestation of short stature, hypocalcemia, and apparent vitamin D resistance, presumably due to a role of caveolae in renal function (25).
Cavin-1-deficient patients have a secondary deficiency of caveolin-1 in adipocytes and therefore present a similar pattern of generalized lipodystrophy with bone marrow preservation, although they retain some mechanical adipose tissue and have vestigial dorsal subcutaneous fat. In addition, cavin-1-deficient patients manifest features of muscular dystrophy, impaired bone formation, smooth muscle hypertrophy, and occasional cardiac arrhythmia; this phenotype is likely due to secondary deficiency of muscle-specific caveolin-3 and a more global defect in caveolae (24, (30) (31) (32) .
Seipin-deficient patients present with the most extreme lipodystrophic phenotype, since none of the adipose tissue depots described above appears to be significantly preserved in these patients (28) . This often leads to an earlier onset of diabetes (33, 34) . While seipin deficiency represents the only truly whole-body form of congenital lipodystrophy, it is important to note that even these patients are not entirely deficient in adipocytes. Examination of subcutaneous biopsies from several of Seip's patients found scattered groups of small adipocytes with low but detectable lipid content (35) .
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These residual adipocytes may even retain some degree of endocrine function. Leptin levels are extremely low in CGL patients, lower than in AGL patients, but are not undetectable (36, 37) . Reports conflict as to whether leptin levels are higher in AGPAT2-or seipin-deficient patients, but the differences observed in circulating leptin between these two groups are relatively small (33, 34, 38) . Intriguingly, while adiponectin levels are nearly undetectable in AGPAT2-deficient patients, circulating adiponectin in seipin-deficient patients is approximately 40% of that in healthy controls, a level comparable to that observed in familial partial lipodystrophy (38) .
The remaining adiponectin may come from three possible sources: 1) compensatory upregulation of adiponectin secretion in a few small, residual adipocytes, 2) unexpected secretion from nonadipocytes, or 3) secretion from "quasi-adipocytes:" although normal mature adipocytes are scarce, CGL patients could have abundant cells that cannot carry out certain mature adipocytic functions, such as lipid accumulation, but remain capable of other adipocyte functions, such as adiponectin secretion. Further work will be required to determine the source of adiponectin in seipin-deficient patients and the mechanism of this difference between seipin and AGPAT2.
Two additional phenotypes have been noted in seipin-deficient patients that so far show no obvious relation to the lipodystrophic and metabolic manifestations of this disease. Firstly, seipin-deficient patients are at much higher risk for hypertrophic cardiomyopathy, a significant cause of mortality which may contribute to the higher rates of premature death observed in seipin-deficient patients compared to other CGL patients (29, 33) . This may represent a cellautonomous defect in cardiomyocytes, since these patients do not display obvious features of cardiac disease secondary to hyperlipidemia: cardiac histology shows no signs of lipid accumulation within cardiomyocytes, and coronary arteries show no clinically significant atherosclerotic placques (39) .
In addition, seipin-deficient patients exhibit much higher rates of mild mental retardation than patients with other CGL genotypes. These cognitive effects are speculated to relate to the high expression of seipin in the brain (see below), rather than the metabolic phenotype (16, 21) .
Although the pathogenesis of mental retardation in these patients has not yet been explained, this may point to a role for seipin in neuronal function.
Neurological Seipinopathies
The potential neuronal role for seipin described above is supported by findings in patients Penetrance and severity of disease varies widely for seipinopathies, even within a given pedigree, although the interaction with other genetic loci or epigenetic phenomena is unknown. These patients generally do not have a reduced life span, unlike patients with seipin-deficient lipodystrophy. Only two mutations are known to produce these seipinopathies; both of these missense mutations reside in a glycosylation site on seipin and are believed to have an effect through ER stress (see below).
Recently, a Taiwanese man with lipodystrophy and dystonia was demonstrated to have two distinct mutant seipin alleles; his deceased sisters had reportedly experienced similar symptoms but could not be genotyped. Both mutations were outside the glycosylation site (Table or an unrelated disease. If validated, the association of these alleles with dystonia would further suggest a role for seipin in neuronal function (43) .
Seipin Structure
The seipin gene was originally identified in mammals and the fruit fly (16) and later extended to fungi and plants (44, 45) . The orthologs share a central region of about 230 amino acids, conserved in secondary structure, that consists of two likely transmembrane domains (TMDs) and an intervening sequence referred to as the loop (Fig. 1) . Outside of the central region, the protein sequences diverge. The amino-terminal extension varies from 4 amino acids in C. elegans to 102 amino acids in rice. In humans there are two major splice forms yielding amino termini of 25 or 90 amino acids (see below). Similarly, the carboxy-terminal extension beyond the second TMD ranges from 4 amino acids in K. lactis to 467 in D. discoidium (138 in humans). The mammalian proteins terminate in a CAAX box motif (CSSS), the physiological significance of which is not known.
The human seipin gene (OMIM #606158) is on chromosome 11q13 with protein coding on the Crick strand. There are three validated coding transcripts in GenBank (Fig 1 A) . The primary transcript originally described (16) contained 11 exons with protein coding beginning on exon 2 and ending in exon 11 (transcript variant 2), resulting in a 398-amino acid protein with two strongly predicted TMDs, coded in exons 2 and 7 (isoform 2) (Fig. 1) . However, a longer transcript (variant 1) is generated with an alternative first exon containing a translational start site that results in an additional 64 amino acids at the amino terminus, 462 amino acids in total (isoform 1). A third coding transcript (variant 3) splices out exon 7 and produces a shortened and altered carboxy terminus in exon 10, generating a protein of 287 amino acids (isoform 3). The majority of the known CGL-causing seipin mutations are frameshift or nonsense mutations that result in truncated proteins. The truncation that preserves the most primary sequence is caused by the nonsense mutation Q391X, in which only 7 amino acids are deleted from the carboxy terminus. (Note that we number amino acids based on isoform 2 to conform with nearly all reports in the literature; the corresponding isoform 1 numbering of mutant sites is included in Table 1 .) Both of the two unrelated patients identified with this mutation also have a missense mutation, T78A (described below), in their other allele (46) . It is surprising that this 7-amino acid deletion could generate lipodystrophy, since the C-terminal cytosolic tail is not required for fat body lipid accumulation in flies (see below) (47). The loss of activity of Q391X might be manifest only in combination with T78A coded on the other allele; no Q391X homozygotes have been reported. However, two additional truncations that delete nearly all of the C-terminal tail (I262fs and R275X) cause lipodystrophy as homozygotes (41, 48) , indicating that the C-terminus of seipin is likely to be more functionally important in humans than in flies.
These three alleles are the only known human mutations distal to TMD2.
The remaining mutations all occur within seipin's loop domain. These include four large deletions that indicate that, minimally, exons 4 and 5 are required for seipin function in humans (Table 1 and Fig. 1 ) (16) . In addition, six missense mutations have been identified in the loop domain. Several of these cluster at the single asparagine-linked glycosylation site (NVS) in seipin (49) . The two mutations that cause neuronal seipinopathy are located directly within this site -N88S and S90L (50) . Besides disrupting glycosylation, these mutations result in aggregation of seipin and initiation of the ER stress response (see below). Two additional missense mutations that cause lipodystrophy, not seipinopathy, are also located close to this glycosylation site; these are T78A and L91P (46) . The L91 residue is particularly interesting in by guest, on October 30, 2017 www.jlr.org Downloaded from that it is well conserved among species that contain the NVS glycosylation site (45) , indicating that this region of the protein may be critical for both protein stability and seipin function.
Additional missense mutations include Y187C (50), a residue that is not conserved but is usually hydrophobic (45) , and A212P (17), a site that is well conserved among the known seipin orthologs (45) . Analysis of a mutation corresponding to A212P in the yeast ortholog of seipin indicates that this missense mutation affects stability of the protein (51). To our knowledge, no studies have yet noted any significant phenotypic variability among seipin's many CGL-causing mutations, but such variability cannot yet be ruled out.
Seipin Expression a) Humans
Magre et al. (16) initially reported three main seipin mRNA isoforms in humans by northern blotting at ~1.8, ~2.0 and ~2.4 kb, considered in subsequent studies (and for this discussion) to be 1.6, 1.8, and 2.2 kb, respectively. Testes displayed the most intense signal, which appeared to consist of all three bands and perhaps others. Brain also showed strong expression, and was unique in only expressing the 1.8 kb band. Most other tissues tested yielded detectible but weaker expression of the 1.6 and 2.2 kb forms, with kidney and pancreas high and adipose tissue relatively low. These results were largely confirmed by Windpassinger et al. (50) .
Using a 5'-terminal probe they detected a brain-specific 1.8 kb form and a ubiquitously expressed 2.2 kb form. Their probe, from the 5' untranslated region, apparently did not allow detection of the lower 1.6 kb band. This group did not measure expression in adipose tissue.
Both the 1.8 and 2.2 kb RNAs can encode both the 398-and 462-aa protein (isoforms 2 and 1, respectively), while the 1.6 kb form only can encode the 398-aa form due to alternative splicing (49) . When both start sites are present in DNA transfected into cells, isoform 1 is produced in greater abundance (49) . Therefore, it appears that both isoforms 1 and 2 are by guest, on October 30, 2017 www.jlr.org Downloaded from potentially expressed in most tissues which express both 1.6 and 2.2 kb mRNAs. The ratio of long and short forms may be greater in brain, which mainly expresses the 1.8 kb form. Northern blots do not reveal significant amounts of a 1.4 kb form, suggesting that expression of isoform 3 is low in all tissues thus far examined.
Particularly intriguing are the high levels of mRNA in human testes and brain, which point to roles for seipin in unexpected tissues. There has been no report of infertility in seipin deficiency, and at least one male BSCL2 patient has been reported with multiple healthy children (10) indicating that the protein is not likely to be essential for viable sperm development, although whether they are as robust as sperm from healthy individuals has not been examined.
An important role for seipin in nervous tissue is suggested by the mental retardation that affects many seipin lipodystrophy patients and the neural pathology of dominant seipin mutations.
While several studies have compared mRNA expression patterns for seipin, there has been limited information regarding protein expression. However, an antibody developed against a C-terminal peptide of human seipin (termed for this discussion "the seipin antibody;" use outside the originating lab has not been reported) strongly reacted with motor neurons in the human spinal cord and cortical neurons in the human frontal lobe (52) . Significantly, the group found that staining was much weaker in a patient with amyotropic lateral sclerosis, indicating that seipin can be specifically observed in motor neurons (the cell type which is degenerated in ALS patients) (52, 53) .
b) Fly and mouse
In situ hybridization in fruit fly larvae revealed expression in the fat body (an organ with adipose and hepatic functions), midgut, and salivary gland (47). Quantitative real-time PCR showed highest expression in the fat body and intermediate expression in midgut, muscle, and salivary gland; expression in the brain was detectible but low. Expression of seipin mRNA (measured by real-time PCR) in the mouse was similar to the original study in humans in that highest expression was found in the testes (54) . However, unlike in humans, expression in fat depots was strong, especially in brown adipose tissue. Intermediate levels were seen in skeletal muscle and adrenal gland. Other tissues, including brain, had detectible but lower expression. Considering the role of seipin in adipogenesis, lipid metabolism, and cytoplasmic lipid droplet function (discussed below), it is somewhat surprising that levels of seipin correlate imperfectly with the mass of neutral lipid in tissues. Perhaps they correlate better with lipid dynamics rather than steady state levels.
The seipin antibody has also been used to detect seipin protein expression in mice. This Surprisingly, human brain is considerably higher in seipin mRNA expression compared to adipose tissue, while the ratio is reversed in the fly and mouse. Whether these differences are absolute, are dependent on stage of development or age, or are due to technical differences in assay methods must await more careful comparative analysis. In summary, there appears to be some correlation of seipin expression with lipid metabolism, perhaps more so than with steadystate lipid concentrations. 
c) During adipogenesis
While results differ between humans and mice regarding seipin expression in adipose tissue, it is clear from studies in cultured cells from both organisms that seipin expression is connected to adipogenesis, the process of adipocyte differentiation that is driven by several factors in a complex temporal pathway (55, 56) . Adipogenesis can be divided into two major phases: 1) determination, during which mesenchymal stem cells are converted to pre-adipocytes, 
Domains, Topology, and Oligomerization
The topology of seipin was first predicted in a survey of 37 likely yeast membrane proteins of unknown function. Based on charge distribution and hydrophobicity, the protein was predicted to span a membrane twice with both termini facing the cytosolic side (58). This topology was later supported in elegant studies in which the glycosylation of wild type and mutated seipin proteins was probed after in vitro insertion into dog pancreas microsomes (49) . In 
Localization
Seipin is a membrane protein in the endoplasmic reticulum (ER). Overexpressed GFPtagged human seipin was first shown to colocalize with an ER marker (calreticulin) in EA.hy926 umbilical-derived cells (50) . Ectopic bright spots were also observed in these cells and were interpreted as aggregates (described in more detail below). 
Probing the Function of Seipin
The function of seipin is unknown; there are no motifs contained in its sequence that provide clues to function, and no heterologous binding partners have yet been identified. Seipin is clearly involved in adipocyte function and/or adipogenesis, since its mRNA expression increases during this process (54, 57) , the protein is largely located in the ER at junctions with lipid droplets (44, 45) , and null mutants in seipin are responsible for human lipodystrophy (16) .
To gain clues to seipin function, the effects of gene knockdown in cultured cells and of knockout Table 2 ). The results suggest that seipin functions in lipid homeostasis and/or lipid droplet function, and that preadipocytes may be exquisitely sensitive to perturbations in these functions. Moreover, transgenic mice have yielded additional information regarding a potentially important role of seipin in the nervous system.
a) Adipogenesis
Consistent with a role for seipin in adipogenesis, knockdown of seipin prior to induction of the adipogenic pathway in cultured cells attenuates this program, thus recapitulating the situation found in BSCL2 patients. The determination phase (in which preadipocytes are generated) was not affected, since expression of markers of that phase (C/EBPβ, C/EBPγ, ETO, and Pref-1) were unchanged in the presence of seipin shRNAs, and generation of preadipocytes by the classical hormone cocktail or by BMP4 was not affected (54, 57) . In contrast, expression of transcription factors involved in the conversion of preadipocytes to adipocytes during terminal differentiation (C/EBPα, PPARγ1, PPARγ2, and SREBP1c), as well as several of their downstream lipogenic enzyme targets, were drastically attentuated with seipin shRNAs (54, 57) .
While both of these reports showed blunted PPARγ expression in 3T3L-1 cells during the adipogenic program, results were not consistent in C3H10T1/2 pluripotent stem cells.
Nevertheless, the downstream effects indicated lack of activation of this transcription factor.
Significantly, addition of the PPARγ agonist pioglitazone could rescue cells from seipin shRNA treatment, allowing downstream lipogenic enzymes to be expressed (54) . The authors speculated that seipin acted on an unidentified factor that was necessary for PPARγ activation. Similarly, fibroblasts from a seipin CGL patient also responded to pioglitazone to upregulate lipogenic enzymes (60).
Fat body formation was also curtailed in recently reported seipin knockout flies (47).
Lipid droplets in the fat body in larvae and young adults were much smaller, and flies were hypersensitive to starvation. Importantly, the lipid phenotype could be reversed by by guest, on October 30, 2017 www.jlr.org Downloaded from overexpression of diacylglycerol acyltransferase (DGAT), suggesting that the seipin lesion was at the level of or proximal to triacylglycerol (TAG) synthesis by DGAT. The fat body phenotype could be rescued by expression of seipin lacking the carboxy-terminal region after TMD2, suggesting that the core of the protein was sufficient for normal fat body differentiation.
Yang and colleagues, who generated the fly seipin knockout, also recently made a seipinknockout mouse (61) . Similar to results in flies and human patients, adipogenesis in the knockout mice was severely curtailed. Fat accumulation in all major fat depots was reduced, although not as drastically as in lipodystrophic humans, and there was almost no gonadal fat. Moreover, there was a 60% decrease in brown fat, a tissue that has a different lineage than white fat but is still dependent on PPARγ for differentiation (62) . White adipose fat from both epididymal and subcutaneous tissues showed immature adipocytes with small unilocular droplets. Consistent with the dearth of this tissue, plasma adiponectin and leptin were decreased. The animals showed symptoms of diabetes: delayed glucose clearance during a glucose tolerance test and impaired insulin sensitivity.
In summary, seipin is required for normal adipogenesis in cultured cells as well as in fly, mouse, and human. Compared to the fly and mouse, humans suffer a more severe phenotype in the absence of seipin since the absence of normal adipose stores in patients is almost absolute.
Experiments with cultured cells indicate that the lesion is probably at the level of PPARγ activation, which is essential for terminal differentiation. It is unknown whether PPARγ activation is a direct or indirect function of seipin. Due to the exclusive ER localization of seipin, an indirect function seems likely; such indirect effects may be due to an endogenous ligand that fails to be produced or delivered to the transcription factor, some toxic factor that interferes with PPARγ action, or a compensatory pathway that inhibits PPARγ-induced adipogenesis. PA, elevated in both seipin and AGPAT2 deficiency, has been suggested as a candidate toxic ligand for PPARγ (63) . Finally, the knockout strain accumulated twice as much TAG and about 70% as much steryl ester as wild type cells. However, there was little difference in the rate of incorporation of radioactive oleate into TAG or SE, suggesting that utilization of fatty acids from neutral lipids, rather than synthesis of TAG and SE, was affected (64).
Accumulation of neutral lipid was also observed in non-adipose tissues in the knockout flies. While there was a decrease in neutral lipid in their fat bodies, the animals accumulated large lipid droplets in the proventriculus (midgut) and salivary glands. The authors showed that this paradoxical effect was cell autonomous and not a result of lipid release from the fat body (47).
While the higher level of TAG in the yeast mutant was attributable to a decrease in fatty acid utilization, in flies it appears to be due to an increase in DGAT activity. Indeed, suppression of DGAT by knockdown reversed the phenotype in salivary glands. Similar to the yeast knockout, the absence of seipin resulted in elevated phosphatidic acid levels in salivary glands.
Interestingly, while seipin missing its carboxy terminus could complement the fat body phenotype in flies, this region was essential for reversing the ectopic lipid accumulation in salivary and gut tissues. The level of microsomal triacylglycerol transfer protein, which facilitates the loading of neutral lipid onto apoB in lipoprotein production, was decreased. Unlike the fly, the contribution of tissue-autonomous effects in the mouse is not clear.
In fibroblasts from a seipin lipodystrophy patient, an increase in droplets and lipid storage was apparent (45) . An increase in droplet number was also seen in EBV-transformed lymphocytes from 20 seipin patients (65) . Similar to the yeast knockout, there was an increase in saturated fatty acids at the expense of unsaturated species in these patients' cells; there were more saturated fatty acids (palmitic and stearic acids) and less unsaturated fatty acids (palmitoleic, vaccenic and oleic acids). This suggested to the authors that the absence of seipin leads to a decrease in SCD1 (stearoyl-CoA desaturatase-1) activity. Whether this is reflected in a decrease in SCD1 protein or an issue with substrate availability is not known.
Although the panoply of effects on lipid metabolism in seipin-deficient non-adipogenic cells might suggest a complex mechanism, several of these data point to a simpler role for seipin in regulating TAG levels. This is supported by more detailed experiments on the effects of seipin knockdown in cultured cells. When subjected to seipin siRNA, HeLa cells and 3T3-L1 preadipocytes (not terminally differentiated) synthesized up to 80% more TAG upon exposure to exogenous oleic acid. The levels of TAG from endogenous fatty acids were not tested.
Conversely, overexpression of seipin had a dramatic effect in reducing TAG levels from exogenous oleate while enhancing steryl ester formation. There were no changes in lipolysis or fatty acid import; this suggests that seipin controls TAG synthesis, possibly through controlling DGAT activity. However, DGAT activity measured in microsomal fractions was not altered by by guest, on October 30, 2017 www.jlr.org Downloaded from manipulation of seipin expression, nor were DGAT mRNA levels changed (59) . This could indicate that seipin regulates a TAG synthesis step proximal to DGAT, or that seipin controls access of DGAT to substrate, rather than amount or intrinsic activity of the enzyme itself.
Thus far it is clear that the attenuation or overexpression of seipin can have dramatic effects on lipid metabolites and products in cells and tissues, and that pre-adipogenic tissue responds uniquely to an absence of the protein. The upregulation of phosphatidic acid might partially explain the increase in TAG stores and other changes (64) . Conversely, changes in neutral lipid or lipid droplet morphology (described below) might give rise to a secondary increase in phosphatidic acid by disrupting ER or LD function (Fig. 2) . Assuming a similar mechanism of seipin in yeast, worms and flies, it is difficult yet, despite significant effort, to separate direct from indirect effects in explaining ectopic lipid formation and lipid interconversions in the knockdown/knockout animals and cells.
c) Lipid droplets
Besides changes in lipids that occur upon manipulating seipin expression, dramatic changes in the morphology and function of lipid droplets are also seen. Aberrant liver LDs, mitochondria, and peroxisomes were observed in a CGL (probably seipin-related) lipodystrophy patient (66); important physical and functional interactions between LDs and mitochondria and peroxisomes are now well known (67) . The morphology of droplets in the yeast fld1Δ strain has been studied extensively. Of note is the apparent disorganization of fld1Δ droplets; when cultured in the presence of oleic acid, droplets are extremely heterogenous in size and are often misshapen compared to wild type. Two strikingly distinct morphologic phenotypes are evident, however: clustered small droplets and "supersized" ones (44, 45, 68) . The small clustered droplets, many of which have electron-dense inclusions, are wrapped in layers of the endoplasmic reticulum, suggesting both a local ER proliferation and a defect in droplet formation. These clusters are unable to segregate efficiently into buds during cytokinesis, probably because they are impeded by the ER tangles (68) . While clusters predominate in cells growing in rich medium, supersized droplets are more frequently seen in cells growing in minimal medium (44, 68) .
Supersized droplets are greatly reduced in minimal medium containing inositol, while the addition of choline or ethanolamine hardly affects their frequency, suggesting that a deficiency in certain phospholipids is responsible for their large size (64) . Droplets derived from seipin-null yeast have been shown to be more fusogenic than wild type (44) , suggesting that the supersized droplets are a result of fusion of smaller droplets, exacerbated by a shortage of phospholipids.
A proliferation of small droplets of abnormal morphology is also observed in cells from seipin patients: both fibroblasts and lymphoblasts show this phenotype (45, 65) . Most droplets in these cells, when observed by fluorescence microscopy, appear as very fine and indistinct puncta, hundreds per cell; electron micrographs confirm a proliferation of small droplets.
The aberrant lipid droplets in seipin deficient yeast and BSCL2 patient cells gives the impression that seipin may control the loading of lipid and possibly protein into droplets, consistent with its localization at ER-LD junctions. In keeping with a role in protein loading, a sorting defect of Tgl3p, a TAG lipase normally localized to LDs, has been observed in some but not all droplets ((68) and our unpublished results). It is unclear, however, if this defect is secondary to the development of ER tangles.
The increase in droplet number in seipin-knockout cells could be a result of ER stress, since agents which cause stress result in an increase in droplet number (69) . However, the morphology of droplets under the two conditions are very different. Moreover, an increase in HAC splicing, a direct measure of ER stress in yeast, was not observed in fld1Δ cells (Hilton, Lee, and Goodman, unpublished data).
d) Potential neural function
While ER stress appears to play no role in the development of aberrant droplets in seipindeficient cells, expression of the dominant, unglycosylated N88L and S90L mutants, which cause Overexpression of these mutants (fluorescently tagged), results in the accumulation of large aggregates within cells, much more so than with overexpression of the wild type protein (50, 52, 59) . These seipin accumulations were initially thought to cause the neurological disease seen in patients. However, there is a negative correlation between these seipin aggregates and cell death: cells with an ER reticular staining of N88S seipin have a higher frequency of apoptotic markers than cells with these seipin inclusion bodies, regardless of level of seipin expression (70) , suggesting that segregation of seipin is actually protective. The nature of the seipin aggregates is unclear; the particles do not colocalize with typical aggresomal markers such as ubiquitin, pericentrin, vimentin, or chaperone proteins (52), even though seipin N88S has been shown to be polyubiquitinated and partially degraded by the proteasome (53) . Interestingly, these unusual aggregations colocalize with mutated α1-antitrypsin, which also causes neurological disease and is sequestered into a so-called ER-derived protective organelle (ERPO) (70) . An ultrastructural study suggested to the authors that aggregated seipin is associated with membrane vesicles (70), although these structures also resembled lipid droplets.
Besides aggregation, overexpression of N88S and S90L result in an ER unfolded protein response. There is an increase in several markers of ER stress, including BiP, Grp94, and PERK-ATF4, and detectible interaction of these seipin mutants with calnexin (53) . These results led to the hypothesis that ER stress in neurons was responsible for the neurological pathology in patients (40) . However, considering the protective effect of aggregated seipin, it also seems plausible that this ER stress protects against rather than instigates cell damage.
To gain more insight into the etiology of N88S seipin neuropathology, a transgenic mouse was recently established in which N88S seipin was driven by the neuronal-specific Thy-1 promoter (71) . The animals recapitulated the neurological symptoms of human seipinopathy, displaying a spastic motor neuron defect in the limbs as well as muscular atrophy. Axonal by guest, on October 30, 2017 www.jlr.org Downloaded from transport was found to be lower in these animals. Neurons also showed an upregulation of the ER stress response, since BiP, protein disulfide isomerase, and XBP1 were induced as well as aggregated seipin, but no neuronal death was observed. This supports the notion that ER stress is protecting cells from more serious damage. It is also striking that neuronal death appears not to be necessary for disease.
Assuming ER stress and seipin aggregation are protective rather than pathological mechanisms, the etiology of seipinopathy remains elusive. The effect on axonal transport could be key. Perhaps unglycosylated seipin is interfering with tubulin dynamics directly, or it may act indirectly by titrating out an important factor in this process. Regardless, the disease may indicate an important but yet unknown role of seipin in neuronal communication.
What is the Function of Seipin?
The disease states associated with seipin have provided us with a number of phenotypes and hints at function, but a cohesive mechanism to explain all these data has remained elusive. Based on what is known now, it seems likely to us that seipin must link neutral lipid synthesis with LD assembly. A scenario is presented in Fig. 3 . We assume that lipid droplets remain in intimate communication with the ER; in yeast, at least, droplets remain associated with the ER although they can move laterally (45, 72) . We posit that seipin is a part of a membrane protein complex that coordinates this communication. It allows normal filling of droplets with neutral lipid and perhaps also facilitates trafficking of phospholipids and proteins. If its role were limited to LD biogenesis, seipin should not remain adjacent to all LDs in the cell, as it does (45); therefore it must provide function to droplets throughout their lifetime. The localization of seipin suggests that it could couple TAG synthesis with the funneling of neutral lipid into droplets.
Evidence from the knockout, knockdown, and overexpression studies suggests a potential functional tie with DGAT enzymes, since seipin expression and TAG levels are inversely correlated, and DGAT overexpression can rescue the lipid phenotype in flies (44, 47, 59, 61) .
While DGAT protein is associated with both ER and LDs (73, 74), regulation of activity may depend on interaction with seipin, although no direct interaction between DGAT and seipin has been reported. We further posit that, through its contributions to neutral lipid and droplet homeostasis, seipin plays a role in maintaining the ER bilayer. In its presence, ER function, in terms of membrane enzyme activity and metabolic flux, is normal and may include the generation of molecules important for cellular function, such as ligand(s) for PPARγ. In the absence of seipin, we suggest that the inability to channel TAG into LDs (possibly through collaboration with DGAT), combined with the increase in TAG production, destabilizes the ER bilayer. As shown by the dark yellow rectangle in Fig. 3B , this may involve infusion of neutral lipids in the bilayer itself. A model lipid bilayer can accommodate up to 3% TAG without losing its integrity (75) , and increased membrane neutral lipid has been recently documented in a yeast lipin knockout (72) . The sequellae of an increase in neutral lipid within the ER may be multiple: ectopic droplets may be generated as a result of high local concentration of neutral lipids causing membrane blebbing; since their synthesis is unregulated, these droplets would be less uniform in size, shape, and protein composition, they may be more prone to nonspecific fusion, and they may not be fully functional. Increased plasticity of the membrane might lead to localized membrane proliferation, generating the ER-LD tangles seen in the yeast seipin knockout strain. Instability of the ER bilayer or surface disruptions on the lipid droplet itself may also affect the activity of other lipid metabolic enzymes, leading to changes in lipid profiles that may not be reflected in corresponding protein levels. As discussed above, such changes in the ER could be detected in the nucleus via the generation or depletion of lipids that bind PPARγ.
While this is one possible scenario, there are variations on the theme: as low quality droplets are generated and the ER becomes destabilized in the absence of seipin, sensors in either compartment may report back to the nucleus to elicit compensatory pathways that could explain the various downstream effects. For example, enzymes in phospholipid biogenesis are induced in seipin-deficient yeast (64) . It also seems possible that the normal LD biosynthetic protein complex in the ER could partially function without seipin, analogous to the activity of a DNA polymerase without proofreading capability, such that droplet formation in the absence of seipin could be more than a stochastic function of physicochemical properties of the altered ER.
Despite the myriad of questions that remain, it seems clear that insights into seipin's function will be extremely beneficial in understanding lipid droplet biology and lipid homeostasis.
Interest in seipin has increased in the past few years, and the pace of progress is likely to follow Table 1 . 
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